To further characterize the genetic basis of primary biliary cirrhosis (PBC), we genotyped 2426 PBC patients and 5731 unaffected controls from three independent cohorts using a single nucleotide polymorphism (SNP) array (Immunochip) enriched for autoimmune disease risk loci. Meta-analysis of the genotype data sets identified a novel disease-associated locus near the TNFSF11 gene at 13q14, provided evidence for association at six additional immune-related loci not previously implicated in PBC and confirmed associations at 19 of 22 established risk loci. Results of conditional analyses also provided evidence for multiple independent association signals at four risk loci, with haplotype analyses suggesting independent SNP effects at the 2q32 and 16p13 loci, but complex haplotype driven effects at the 3q25 and 6p21 loci. By imputing classical HLA alleles from this data set, four class II alleles independently contributing to the association signal from this region were identified. Imputation of genotypes at the non-HLA loci also provided additional associations, but none with stronger effects than the genotyped variants. An epistatic interaction between the IL12RB2 risk locus at 1p31and the IRF5 risk locus at 7q32 was also identified and suggests a complementary effect of these loci in predisposing to disease. These data expand the repertoire of genes with potential roles in PBC pathogenesis that need to be explored by follow-up biological studies.
INTRODUCTION
Primary biliary cirrhosis (PBC) is an autoimmune liver disease affecting 1 in 1000 women over the age of 40 and attributed to complex interactions of multiple environmental and genetic risk factors (1) . The only available medical therapy, ursodeoxycholic acid, is ineffective in about half of all cases, but development of more widely efficacious therapies has been hindered by limited understanding of disease pathogenesis (2) . At least 90% of PBC patients express antimitochondrial antibodies (AMA) reactive with the ubiquitously expressed E2 subunit of the pyruvate dehydrogenase complex (PDC-E2) (3) . Despite the broad cellular expression of PDC-E2, the pathogenic immune inflammatory response in PBC appears to be targeted to the biliary epithelial cells (BECs) lining the small interlobular bile ducts. Among their many properties, BECs are thought to play important roles in maintaining immune homeostasis in the local cellular environment (4) . The mechanisms whereby the biliary epithelia is specifically targeted for immunologic damage in PBC are not well understood, but it has been suggested that an inability of BECs to glutathiolate PDC-E2 during cell apoptosis may result in aberrant persistence of immunogenic PDC-E2 antigens and downstream priming and activation of T cells in the draining lymph nodes (5) . Microbial mimicry and xenobiotic modification have also been proposed as mechanisms driving the loss of tolerance underpinning PBC (6) .
As for most other autoimmune diseases, underlying genetic variation is considered key to the etiology of PBC (7) . This possibility is supported by many lines of evidence, including familial clustering and high sibling risk for PBC, disease concordance among monozygotic twins, concomitant occurrence of PBC with other autoimmune diseases and data from numerous studies of animal models (8) . Early efforts to identify PBC genes were hampered by the rarity and late onset of disease, which precluded familial linkage studies. Candidate gene approaches identified a number of associated gene variants, but only a few, most notably variants in the human leukocyte antigen (HLA) and CTLA-4 genes, proved to be replicable across independent studies (9) . More recently, through genome-wide association surveys (GWAS) and fine-mapping studies, we identified six non-HLA loci reaching genome-wide significance (P , 5 × 10 28 ) for association with PBC susceptibility (10) (11) (12) . A subsequent UK-based GWAS confirmed these associations and identified an additional 15 risk loci (13) . Among the PBC loci identified to date, most have also been implicated in risk for other autoimmune diseases and contain genes with key roles in immune cell signaling and/ or development. However, functional significance of these associations and the disease-causal alleles within the risk loci remain unknown. We therefore sought to further characterize the known PBC loci and search for additional risk loci, by genotyping three independent PBC patient cohorts with a customized SNP array, the Immunochip, designed to interrogate 186 autoimmune disease loci primarily identified in prior GWAS of PBC and other autoimmune diseases (14) .
RESULTS

Study design, patient cohorts and quality control
Our study design involved a meta-analysis of the Immunochip data sets derived from genotyping three independent cohorts of PBC patients and population controls, all of European descent and collected, respectively, from Canada, the USA and Italy. In total, 2426 PBC patients and 5731 unaffected controls were genotyped for 196 524 genetic variants using the Immunochip platform. Quality control measures, including the exclusion of population outliers, were performed separately for each cohort. Prior to meta-analysis, markers not present in all three populations, as well as those demonstrating a significant minor allele frequency (MAF) difference (P , 0.001) between PBC patients from the Canadian and US cohorts were removed. Following these procedures, 109 812 markers were available for study in 2216 PBC patients and 5594 unaffected controls. An overview of the study design, quality control
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filters and patient cohorts, as well as demographics of retained patients and controls is provided in Supplementary Material, Figure S1 and Supplementary Material, Table S1 .
Associations detected at previously identified PBC risk loci
Meta-analysis encompassing all three individually analyzed data sets ( Fig. 1 ) was performed using METAL (15) , assuming a fixed effects model. Among the seven risk loci initially identified in studies of Canadian and Italian PBC patients (10) (11) (12) , five harbored SNPs achieving genome-wide significance in the meta-analysis (1p31, 3q25, 6p21, 7q32 and 17q12), with strong support for association across each individual cohort (Table 1 and Supplementary Material, Table S2 ). Regarding the other two loci, Immunochip coverage for one, the 19q13 locus, was sparse and provided no good proxy for the SNP previously shown to be associated with risk (rs3745516). This locus was, however, strongly replicated in the UK GWAS (13) and our recent fine-mapping study (16) , providing compelling evidence for its involvement in risk for PBC. In contrast, despite dense coverage of the 1p36 region encompassing the MMEL1 gene, evidence for this region's association with disease was weak in the meta-analysis, the individual cohort analysis and also in the prior UK GWAS (13) . While the peak SNP identified in our original report of this association (rs3748816) (11) differs from those observed in the UK (rs10752747) and in this study (rs10910108), these three SNPs are in strong LD (pairwise r 2 ≥ 0.85), and thus the relevance of this locus to risk for PBC is unclear.
The 15 PBC risk loci newly reported in the recent UK GWAS (13) have not yet been validated in independent studies. Of these, five achieved genome-wide significance in our meta-analysis (2q32, 3q13, 11q23, 16p13 and 22q13) and another nine (1q31, 3p24, 4q24, 5p13, 7p14, 11q13, 12p13, 14q24 and 16q24) demonstrated at least suggestive evidence for association (i.e. P , 0.001), despite sparse coverage at some of the loci (Table 1) . Although the peak SNPs identified by meta-analysis at most of these loci did not correspond to those previously reported, these associations were generally evident in all three cohorts studied and did show moderate to strong LD with the peak SNP identified previously at each locus (data not shown). The one locus reported in the UK GWAS that was not replicated here, 14q32, was too poorly covered by the Immunochip to be assessed. However, together our observations do confirm 19 of the previously reported associations with the risk of PBC.
Identification of a novel PBC risk locus at 13q14, and suggestive evidence of PBC association at six additional loci Although many of the associations detected in our screen derive from SNPs in previously reported PBC risk loci, the quantile -quantile (Q-Q) plot of the meta-analysis results also indicate association signals that are not accounted for by the previously identified loci (Fig. 2) . We took a conservative approach to the identification of novel PBC risk loci from our data, considering only those regions with dense coverage on the Immunochip and requiring a suggestive level of significance (P , 5 × 10 25 ) by meta-analysis, the same direction of effect across all three cohorts and supportive (P , 0.05) evidence for association in at least two of the groups. Using this approach, one novel association achieving genomewide significance was identified at 13q14 and six additional loci (2q12, 6q23, 8q24, 11q13, 12q24 and 19p13) were found to have suggestive evidence for association (Table 2 and Supplementary Material, Table S3 ). Within the 13q14 locus, the most strongly associated SNP, rs3862738 (P meta ¼ 2.18 × 10
28
), lies 50 kb upstream of the TNFSF11 gene (Fig. 3 ) in a region also associated with risk for Crohn's disease (CD) (17) and regulation of bone mineral density (BMD) (18, 19) . Evidence for this association was strong in the meta-analysis, with the same direction of effect detected in each cohort with strong effect in the Canadian and US cohorts [Canada odds ratio (OR) ¼ 1.41, P ¼ 1.55 × 10
], but a weaker effect seen in the Italian cohort (Italy OR ¼ 1.33, P ¼ 0.087). Among the six loci showing suggestive association, five have previously been associated with one or more autoimmune diseases and the sixth, 11q13, has been associated with population differences in vitamin D levels (20, 21) . Considering that PBC affects primarily women and that AMA are found to be present in the majority of patients, we also performed subgroup analyses, limiting the patient population to either those who were confirmed AMA positive or who were of female gender. These subgroup analyses revealed ORs and P-values at previously known and novel reported risk loci to be essentially unchanged compared with those derived in the full cohort analyses (Supplementary Material, Table S4 ), suggesting little effect of AMA status and gender on these associations.
Identification of multiple independent association signals at four PBC risk loci
To further refine the association signals, the contributions of individual SNPs to the signal at each of the 11 loci achieving genome-wide significance in the meta-analysis were evaluated by logistic regression analyses conditioning on the most significant SNP(s) in the region. Four loci harboring multiple association signals that independently achieved genome-wide significance were identified, including 2q32 (independent signals tagged by rs3024921 and rs7568275), 16p13 (rs413024 and rs12928537), 3q25 (rs9877910, rs34913294 and rs582537) and 6p21 (rs7775055, rs9271588, rs1042544 and rs707929) (Supplementary Material, Table S5). Haplotype analyses were then carried out to evaluate whether the regional effects are primarily attributable to individual variants or are better represented by haplotypic effects. These analyses revealed little or no differences in haplotype and individual SNP effects at 2q32 and 16p13, suggesting separate allelic effects at these loci (Supplementary Material, Table S6 ). In contrast, the haplotype analyses suggested the presence of cis-acting elements or a single effect tagged specifically by multiple variants at 3q25 and 6p21. At 3q25, for example, two haplotypes were more strongly associated with disease (rs34913294, rs582537, rs9877910; CAT: OR ¼ 1.61, P ¼ 4.10 × 10 223 and TCT: OR ¼ 2.10, P ¼ 7.06 × 10 221 ) than (10); (2) Hirschfield (11); (3) Liu (12); 4. Mells (13); italics denotes unconfirmed finding from meta-analysis. b Approximate coverage density of markers on the Immunochip with Dense denoting .100 markers in region and Sparse denoting ,20 markers in region.
c GRCh37 assembly. d Gene in which the peak signal is located in, or genes flanking peak signal if intergenic.
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any of the individual SNPs at this locus (top SNP rs9877910: OR ¼ 1.47, P ¼ 1.02 × 10
217
). As shown in Figure 4 , the two most significant and independent association signals at the 2q32 locus lie in close proximity within the same intron of STAT4, but the LD of the peak SNP extends into the regulatory region of the neighboring STAT1 gene (illustrated in Supplementary Material, Fig. S2 ), suggesting possible effects of either or both genes. The two independent signals at 16p13 appear quite separated with one localizing in the CLEC16A coding region and the other mapping upstream of a gene cluster including SOCS1, raising the possibility of effects from multiple genes. The three independent association signals at 3q25 flank the IL12A gene, and based on the haplotype analysis, appear to have a complex effect on risk that may also reflect added effects of the nearby SCHIP1 gene.
As expected, the strongest associations in this study were with 6p21 HLA region polymorphisms. Due to the complexity of this region and likelihood of strong haplotype effects, we tried to further resolve this locus by imputing classical HLA alleles from the SNP genotypes (22, 23) . Meta-analysis of the results obtained from the three independent cohorts identified a total of eight HLA class II alleles HLA DRB1 ( * 0801, * 1101 and * 1501), HLA DQA1 ( * 0501) and HLA DQB1 ( * 0301, * 0302 and * 0402) achieving genome-wide significance levels ( Table 3) . Independence of these HLA allele associations was then evaluated by logistic regression analyses conditioning on the most significant allele(s). This analysis provided evidence for four largely independent association signals among the eight alleles, specifically (i) DQB1 Table S7 ).
Fine mapping and functional annotation of PBC risk loci
To facilitate fine mapping and functional annotation efforts, we next imputed additional genotypes across the non-HLA PBC risk loci validated or identified in this study, using 1000 Genomes. We found little difference in P-values of the peak genotyped versus peak imputed SNPs (Supplementary Material, Table S8 ), consistent with the comprehensive coverage provided by the Immunochip (Supplementary Material, Fig. S2 ). Association signals with strong LD (r 2 . 0.8) extending across multiple genes were observed at 9 of the 10 non-HLA loci reaching genome-wide significance in this study, the exception being for 1p31 where the signal localized to a single gene (IL12RB2).
Functional annotation was then carried out for all observed and imputed SNPs with meta-analysis P ≤ 10 24 and/or in LD (r 2 ≥ 0.5) with a peak SNP, using SNPnexus and NCBI's GTEx expression quantitative trait loci (eQTL) browser (Table 4 ). This analysis identified five non-synonymous SNPs in a total of four genes (TMEM39A, IL7R, ZPBP2 and GSDMB), four SNPs in conserved promoter regions of three genes (STAT1, TMEM39A and IKZF3) and 27 SNPs representing eQTL for four genes (IRF5, C16orf75, ORMDL3 and SYNGR1). While signal localization and functional annotation data do not conclusively identify disease-relevant variants, these findings highlight a number of compelling gene candidates for follow-up biological studies.
Evidence of an epistatic interaction between the 1p31 (IL12RB2) and 7q32 (IRF5) loci
Potential interactions between associated loci were also explored using the Epistasis module in PLINK v1.07 (24) to test for epistasis between all pairs of the most strongly associated SNPs at each locus. Meta-analysis of the individual cohort results revealed one significant interaction involving rs72678531 (1p31, IL12RB2) and rs10588631 (7q32, IRF5) (P meta ¼ 2.06 × 10
25
, P ¼ 0.0048 after Bonferroni correction). Risk for PBC was increased for all joint genotypes incorporating risk alleles (Table 5 ), but most notably by the combination of rs72678531 homozygous risk genotype 'CC' and rs10488631 heterozygous risk genotype 'CT' (OR ¼ 6.31, P ¼ 2.20 × 10
212
). To further characterize this interaction, risk allele frequency for each SNP was plotted conditional on the alternate genotype, and logistic regression analysis was used to estimate the genotype-specific effects of the risk alleles under a log-additive model (Fig. 5) . This analysis revealed the epistasis to largely reflect excess risk alleles in patients having non-risk genotypes (i.e. 'TT') at the interacting locus. Specifically, the allelic ORs are elevated and P-values highly significant only in the context of the 'TT' genotype at the alternate locus. This observation suggests Human
complementary effects of the risk alleles at 1p31 and 7q32 on PBC susceptibility.
DISCUSSION
The results of this genetic association study identify a novel risk locus for PBC near the TNFSF11 gene at 13q14 and provide suggestive evidence for PBC association with six other loci not previously implicated in PBC. The data also replicate 14 of 15 non-MHC risk loci identified in a recent UK-based PBC GWAS, but do not provide robust support for an association previously identified at 1p36 (MMEL1). Our conditional analyses also reveal the presence of multiple independent association signals at four of the validated risk loci, and the functional annotation of associated SNPs identifies a number of potentially interesting candidate genes for future study. While the available eQTL data were limited by cell type and activation status, and may not have captured all relevant candidates, these findings identify a number of new candidate genes for PBC that require further molecular studies. Our data also provide new evidence for epistatic effects of SNPs within the 1p31 (IL12RB2) and 7q32 (IRF5) loci, an interaction characterized primarily by a reciprocal overrepresentation of risk alleles in the context of the non-risk genotype at the alternate locus and thus likely reflecting complementary effects of these loci on the risk for PBC. The novel PBC risk locus identified at 13q14 is positioned upstream of the RANKL-encoding TNFSF11 gene, a region also associated with CD (17) and BMD (18, 19) . Critical roles for RANKL in immunoregulation have been revealed by the absence of lymph nodes in RANKL-deficient mice (25) and by data showing RANKL involvement in the CD4+CD25+ regulatory T (Treg) cell development relevant Gene in which the peak signal is located in, or genes flanking peak signal if intergenic. Figure 3 . Association results from meta-analysis of three independent cohorts for the AKAP11/TNFSF11 region on chromosome 13q14.11. Genotyped SNPs are illustrated as circles and imputed SNPs as squares. The peak SNP, rs3862738, is shown in purple and pairwise correlation (r 2 ) with this SNP is indicated by a color gradient ranging from red (high LD) to dark blue (low LD).
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to colitis and dermal immunity (26, 27) . Circulating RANKL levels have also been shown to be decreased in PBC patients relative to controls (28) , with numbers of circulating CD4+CD25+ Tregs reduced in both PBC patients and their daughters and sisters (29) ; and the ratio of CD8+T cells to FoxP3+Tregs increased in PBC livers, relative to other chronic liver conditions. RANKL also regulates osteoclast development and function (30) and may be relevant to the decreased BMD and osteoporosis seen frequently in PBC patients (31) , and previously ascribed to impaired vitamin D metabolism (32) . Further replication and functional studies are required, however, to interpret the potential relevance of genetic variation in TNFSF11 to PBC and its complications. Association results from meta-analysis of three independent cohorts illustrating independent association signals identified by conditional analyses at 2q32, 16p13 and 3q25. The peak SNPs are indicated by large dark blue circles and correlated SNPs (r 2 ≥ 0.5) as medium-sized light blue circles. The peak SNP remaining after the first round of conditioning (SNP2) is indicated by large red circle and correlated SNPs as medium-sized pink circles. For 3q25, the peak and correlated SNPs representing the third signal remaining after the second round of conditioning are indicated by dark and light gold circles.
Human Molecular
The six suggestive loci identified in our study also harbor genes involved in signaling pathways implicated in pathogenesis of PBC. The 2q12 locus is associated with ulcerative colitis (UC), CD and celiac disease (17, 33, 34) , and harbors a cluster of genes encoding key effectors of toll-like receptor (TLR) signaling. The 6q23 locus associated with celiac disease, rheumatoid arthritis (RA), systemic lupus erythematosus, psoriasis and UC (34-38) contains TNFAIP3, an inhibitor of NF-kB. The 8q24 locus maps upstream of PVT1, a region associated with multiple sclerosis (MS), celiac disease and IgA deficiency (38 -40) which is enriched in putative immuno-active micro RNAs (41) . The 12q24 locus includes the SH2B3 gene associated with type 1 diabetes, celiac disease and RA (38, 42, 43) and coding for LNK, a regulator of cytokine signaling and the 19p13 locus harbors IL12RB1, a component in the IL12 signaling pathway already implicated in PBC. Finally, the 11q13 locus is associated with population differences in levels of vitamin D (20, 21) , a molecule with integral roles in immunity (44) .
Our study corroborates the majority of previously reported PBC risk loci and although the peak SNPs detected at many of these loci in this study differ from those reported in prior GWAS analyses, the ORs for peak associations detected here were similar to those previously reported. While these peak signals were often in strong LD with other SNPs extending across multiple genes or across the whole of the genotyped region, our data did illuminate multiple independent association signals within a number of loci. Thus, for example, the detection of independent signals emanating from the STAT4 gene at 2q32 and a second SNP in the region that exists within a haplotype extending into the STAT1 gene promoter identifies STAT1 as well as STAT4 as a possible player in All observed or imputed SNPs at the 22 known and 1 novel PBC risk loci with meta-analysis P , 1.0 × 10 24 and/or in LD with the peak SNP at one of the loci (r 2 . 0.5) were subjected to functional annotation. Non-synonymous coding SNPs, promoter region SNPs and SNPs located in consensus splice acceptor or donor sequences were identified using SNPnexus (www.snp-nexus.org). SNPs associated with eQTL in lymphoblastoid cell lines were identified using NCBI's GTEx eQTL browser (www.ncbi.nlm.nih.gov/gtex/GTEX2/gtex.cgi). PBC pathogenesis. The detection of two strong independent signals at the CLEC16A and SOCS1 genes, respectively, in the 16p13 locus is also consistent with our previous data implicating both of these genes in PBC (16) and with other data implicating the two genes in MS (45) . Our functional annotation results identify c16orf75 (Table 4) as another possible contributor to risk from this region, suggesting the possible complexity of this association and reinforcing the potential for multiple sources of signals from single loci. Similarly, the detection and positions of three independent association signals flanking the IL12A gene at 3q25 suggest that at least one other gene in the regions SCHIP1 may contribute to risk for PBC. Our data also identify a significant interaction involving the 1p31 (IL12RB2) and 7q32 (IRF5) PBC risk loci, suggesting a complementary or balancing effect of these alleles on PBC risk. Further studies are required to validate this finding and test its relevance to disease, but these data are consistent with the contribution of both the candidate genes at these loci, IL12RB2 and IRF5, to the immune response downstream of TLR activation (46) . In summary, the data presented here identify TNFSF11 as a new risk locus for PBC, provide suggestive evidence for six additional immune-related gene loci and corroborate almost all associations previously identified from PBC GWAS data sets. The dense coverage of targeted loci afforded by the Immunochip array also enabled definition of multiple independent associations at a number of loci, the validation by imputation of classical HLA alleles of a number of HLA associations variably detected in other studies and the demonstration that risk alleles at the IL12RB2 and IRF5 susceptibility loci have complementary effects on risk. Together, these findings contribute new insights into the genetic etiology of PBC that will inform future genetic and functional studies of PBC pathogenesis.
MATERIALS AND METHODS
Ethics
All aspects of this research project were approved by the local institutional review boards or ethics committees at each contributing institution or were obtained from outside genotype databases with the appropriate approval processes.
Subjects
The Toronto-based 'Canadian' collection consisted of PBC patients of European descent collected from centers in Canada, USA and Europe. Controls for the Canadian cohort were drawn from the WTCCC shared control initiative. The PBC patients and controls for the US Cohort were all participants in the Mayo Clinic PBC Genetic Epidemiology Registry and Biospecimen repository (47) . This resource consists primarily of current or former Mayo Clinic PBC patients (plus a small number of self-referrals) and recruits controls during or shortly after annual preventative maintenance visits at the Mayo Clinic Division of General Internal Medicine. The Italian PBC cases were collected from multiple centers in Italy including Milano, Bologna, Padova, Torino, Napoli, Pisa, Udine, Cuneo, Roma, Firenze, Genova, Bari and Palermo. Italian population controls with no history of autoimmune diseases were derived from three sources: (i) 117 control blood samples were collected at IRCCS Istituto Clinico Humanitas (Rozzano, Italy), (ii) 195 control DNAs were provided from the HYPERGENES project, and (iii) 315 Immunochip genotypes (performed at Kiel, Germany) of confirmed Italian controls were obtained from Drs Fabrizio Bossa (Division of Gastroenterology, IRCCS-CCS Hospital, San Giovanni Rotondo, Italy) and Andre Franke (University of Kiel, Kiel, Germany). All PBC patients were diagnosed according to the guidelines set forth by the American Association for the Study of Liver Disease (1).
Genotyping
Immunochip genotyping was performed at the Mount Sinai Hospital/University Health Network Gene Profiling Facility for the Canadian PBC patients at Christian Albrechts University, Kiel, Germany for the US PBC patients and controls and at three centers, Feinstein Institute for Medical Research, North Shore LIJ Health System (440 cases and 205 controls), Manhasset, New York; the University of Toronto (240 cases and 127 controls), and Christian Albrechts University, Kiel, Germany (315 controls), for the Italian subjects. Bead intensity data were processed, normalized and genotypes were called within the individual populations using GenomeStudio.
Quality control
Initial quality control efforts were performed separately for the three independent cohorts used in this study. Samples were removed from the analysis if (i) call rate was ,95%, (ii) gender was discrepant to expectation, (iii) unexpected relatedness was detected (estimated identity by descent . 20%), or (iv) individuals with greater than 15% non-European ancestry were identified using STRUCTURE v2.3 (48, 49) , a Bayesian clustering algorithm. For the STRUCTURE analyses, we used a set of 883 independent SNPs (r 2 , 0.1) that were common to each data set and available in the reference populations. The reference populations included at least 75 individuals for each of the following groups: European, East Asian, sub-Saharan Africa, South Asian, and Amerindian. The STRUCTURE analyses were performed under K (number of clusters) ¼4, using the prior population information. The runs were performed using .100 000 resamplings and .50 000 burn-in cycles under the admixture model with the l ¼ 1 option, where l estimates the prior probability of the allele frequency and is based on the Dirichlet distribution of allele frequencies. In addition, we excluded samples that were outliers (.4 standard deviations) in principal component analyses (PCA) (see below). Following quality control 2216 PBC patients and 5594 controls were available for study. Of these, 399 PBC patients and 199 controls from the Italian cohort and 414 PBC patients from the Canadian cohort had been included in the discovery panels of two earlier PBC GWAS publications (10, 12) . SNPs were removed from the analysis if (i) the call rate was ,95%, (ii) the test of the Hardy -Weinberg equilibrium was P , 1 × 10 25 , (iii) MAF was ,1%, or (iv) any discrepant alleles were detected among replicated samples (21 replicates in US data, 20 replicates in Italian data). For the seven novel loci reported, the minimum HWE in a single control group was found to be 0.1279, so these novel loci would not have disappeared with the use of a more stringent cut-off. For the remainder of the specifically reported SNPs at known loci, only two had HWE P-values ,0.01, both in a single population (rs7665090, HWE P ¼ 0.007 in Canada controls and rs9271588, HWE P ¼ 0.002 in US controls). Prior to meta-analysis, markers not available in all three populations or where MAF difference between US and Canada cohort controls were significantly different (P , 0.001 by Chi-square test) were removed. Following quality control 109 812 SNPs were available. Cluster plots for all SNPs presented in Tables 1 and 2 were visually inspected, and confirmed to be of high quality.
Statistical methodology
Association analysis
For each of the data sets, PCA was used to control for population stratification; performed using EIGENSTRAT software (50) and the genotypes from a set of 12 579 SNPs (with low linkage disequilibrium (r 2 , 0.5) distributed over all autosomal chromosomes (see Supplementary Material is available at HMG Online). The population substructure was defined by PCs 1, 2, and 4 in the Canadian data set, the first 2 PCs in the US data set and 0 PCs in the Italian data set (due to strong homogeneity of the Italian subjects selected for Immunochip genotyping). The PCA results were used as covariates in the association analyses, which were performed using logistic regression in PLINK v1.07 (log-additive model) (24) . Cochran's test for heterogeneity between studies was performed and was not significant (P . 0.05). Thus, subsequent meta-analysis was carried out using METAL software (15) assuming a fixed effects model. For all associated SNPs reported (P , 0.05), the direction of the risk allele was the same in the three cohorts. In addition to the primary meta-analysis, subset meta-analyses restricting the patient population to either AMA positive patients (n ¼ 1994) or female patients (n ¼ 2083) and controls (n ¼ 2974) were also performed. The rs10488631 risk allele 'C' at 7q32 is highly associated with PBC only in patients with the non-risk rs72678531 genotype 'TT' at 1p31. Conversely (B), the rs72678531 risk allele 'C' at 1p31 is highly associated with PBC only in patients with rs10488631 'TT' genotypes. These findings suggest the possibility of a complementary effect between the risk alleles at these two loci. Results from logistic regression analyses in three independent cohorts under a log-additive model; combined by meta-analysis.
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Conditional analysis
To search for independent association signals at PBC risk loci, we performed logistic regression, conditioning on the most significant SNP in each region using PLINK. For loci with SNPs demonstrating genome-wide significance (P , 5.0 × 10 28 ) after conditioning, the most significant SNP was added to the model and additional rounds of analysis were performed. Residual SNPs achieving P , 5 × 10 27 were considered to represent an independent signal but were not taken forward for further analysis.
Haplotype analysis
To evaluate whether or not association could be explained by effects from individual SNPs or the associations were better explained by haplotypic effects, we first used the EM algorithm implemented in PLINK to estimate haplotypic frequencies in cases and controls for each population (Mayo, Italy and Canada) separately. Then, we used R to perform logistic regression adjusting for effects from the populations. We first performed an association analysis jointly testing all haplotypes, versus a model testing effects from each SNP separately. We used a likelihood ratio test to obtain P-values for the omnibus haplotype effect (in which an indicator variable was used to model variant haplotypes against the most common haplotype, which formed the referent) versus the joint effects of SNPs (in which indicator variables were used contrasting the variant SNP alleles jointly at the loci against the more common alleles). Because the tests are not nested, we used Akaike's information criterion to identify the best fitting model.
Imputation
MaCH version 1.0.16 was used to impute SNPs within defined regions using 1000 Genomes release 20101123, build 37, European population. SNPs with MAF , 1%, insertion -deletions or unknown positions in the 1000 Genomes data were excluded for imputation. Only imputation results with R 2 values .0.8 or MAF . 1% were retained for the analysis. Imputation of classical HLA alleles from the genotype information was performed using the program HLA * IMP (https:// oxfordhla.well.ox.ac.uk/hla/) as described in references (22, 23) , which includes the 1958 Birth Cohort, HapMap CEU and CEPH CEU samples as the reference set.
Functional annotation
All observed or imputed SNPs at the 22 known and 1 novel PBC risk loci with meta-analysis P , 1.0 × 10 24 and/or in LD with the peak SNP at one of the loci (r 2 . 0.5) were taken forward for functional annotation. SNPnexus (51) (www.snp-nexus.org) was used to identify non-synonymous coding SNPs, promoter region SNPs and SNPs located in consensus splice acceptor or donor sequences. SNPs associated with eQTL in lymphoblastoid cell lines were identified using NCBI's GTEx (genotype tissue expression) eQTL browser (www.ncbi.nlm.nih.gov/gtex/GTEX2/gtex.cgi).
Epistasis
We tested for evidence of gene -gene interaction by interrogating all possible pairs of the peak SNPs detected by meta-analysis at 21 known (14q32 excluded) and 1 novel PBC risk loci identified in the study. This was accomplished using the Epistasis module in PLINK v1.07. We used the Bonferroni method to correct for the 231 independent tests, establishing the cut-off for significance at P ¼ 2.16 × 10 24 . To follow-up a significant interaction finding between the peak SNPs at 1p31 and 7q32, we performed a Cochran-MantelHaenszel test procedure, using the most prevalent joint genotype as reference, to evaluate the effect of the joint genotypes on PBC risk while allowing for variability in genotype frequencies among centers. Based on these findings, we constructed plots of the risk allele frequency of each marker in relation to the genotype of the other marker, and compared the frequencies relative to genotype in patients and controls as well as between cases and controls using logistic regression in the individual groups followed by meta-analysis.
